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]i) and the underlying machinery, especially from the hydrogen sulfide (H2S) and nitric oxide (NO) perspectives, in rat peritoneal mast cells. We found that a polysulfide donor, Na 2S4, increased [Ca 2ϩ ]i, which is both extracellular and intracellular Ca 2ϩ dependent. Intracellular Ca 2ϩ release induced by Na2S4 was attenuated by the addition of a ryanodine receptor blocker. A slow-releasing H2S donor, GYY4137, dose dependently increased [Ca 2ϩ ]i that was independent from extracellular Ca 2ϩ influx. The GYY4137-induced [Ca 2ϩ ]i release was partially attenuated in the presence of the ryanodine receptor blocker. Both polysulfide and H2S donors increased the intracellular NO levels in DAF-2-loaded mast cells, which were abolished by an NO scavenger, cPTIO. Inhibition of NO synthase (NOS) significantly abolished the polysulfide-or H2S-donor-induced [Ca 2ϩ ]i elevation in the absence of extracellular Ca 2ϩ . An NO donor, diethylamine (DEA) NONOate, increased [Ca 2ϩ ]i in a concentration-dependent manner, in which both extracellular and intracellular Ca 2ϩ are associated. At higher concentrations, the DEA NONOate-induced [Ca 2ϩ ]i increases were attenuated in the absence of extracellular Ca 2ϩ
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polysulfide; hydrogen sulfide; nitric oxide; Ca 2ϩ ; mast cells POLYSULFIDES, A GROUP OF CHEMICAL compounds that contain sulfur atom chains of varying length, can be formed from hydrogen sulfide (H 2 S) in the presence of oxygen (28, 41) . Polysulfide formation from H 2 S solutions at a physiological pH and on biological time scales has been reported (13) . Cystathionine ␤-synthase (CBS) and cystathionine ␥-lyase (CSE), common H 2 S-producing synthases, can produce polysulfides via H 2 S synthesized from L-cysteine as a substrate (19) . In a classical study, enzymatic production of polysulfides from mercaptopyruvate was reported (18) , and this was later identified as a reaction via a third H 2 S-producing synthase, 3-mercaptopyruvate sulfurtransferase. Conversely, organic polysulfides act as H 2 S donors via glucose-supported and thiol, as well as glutathione-dependent, cellular reactions (3) . Polysulfides can be produced from a chemical interaction between H 2 S and nitric oxide (NO) at a physiological pH (6) . H 2 S has been identified as the third cell-signaling molecule with intensive physiological and pathophysiological effects on various cellular functions; H 2 S induces vasorelaxation (44, 47, 48) ; protects the cell against oxidative stress, apoptosis, and necrosis (27) ; and is involved in nociception and hyperalgesia (26) . It has been proposed as an inflammatory mediator, as were carbon monoxide (CO) and NO (33) . It has regulatory roles in intracellular Ca 2ϩ homeostasis in pancreatic acinar cells, parotid acinar cells, and pancreatic ␤-cells (37, 38, 39) . With this wide array of effects exerted by H 2 S, it is assumed that polysulfides are not completely, but at least partly, involved in the H 2 S effects serving as actual mediators of in vivo signaling (13) . Polysulfides have been demonstrated to induce Ca 2ϩ influx by activating transient receptor potential A1 (TRPA1) channels in rat astrocytes, suggesting that polysulfides are among the possible H 2 S-derived signaling molecules in the brain (29) . Moreover, polysulfides were postulated to function as a pronociceptive substance through the activation of TRPA1 in sensory neurons (17) . They have also been reported to protect neural cells from oxidative damage through the activation of nuclear factor erythroid-2-related factor-2 (31). Thus the effects of H 2 S and of polysulfides overlap extensively, indicating that some of the effects previously thought to originate from H 2 S might originate from polysulfides and vice versa.
In a series of reports from our laboratory, the potential roles of the gaseous molecules NO, H 2 S, and CO in intracellular Ca 2ϩ homeostasis were proposed in various exocrine and endocrine cells, including pancreatic exocrine and endocrine cells as well as parotid acinar cells (36, 37, 38, 39, 40 ] i increase, which might result from intracellular Ca 2ϩ release lasting only a few seconds after the stimulant application, is followed by the second phase, initiated by extracellular Ca 2ϩ entry and mandatory for triggering massive exocytosis. Using mast cells is advantageous for investigating the potential mechanisms underlying stimulus-secretion coupling. Thus, in this study, an attempt was made to elucidate the putative roles of polysulfide in [Ca 2ϩ ] i homeostasis in rat peritoneal mast cells.
MATERIALS AND METHODS
Materials. GYY4137 [morpholin-4-ium 4 methoxphenyl (morpholino) phosphinodithionate], fluo-4/AM, HEPES, N G -monomethyl-Larginine (L-NMMA), carboxy-PTIO (cPTIO), and SSP4 [sulfane sulfur probe 4, 3=,6=-di(O-thiosalicyl)fluorescein] were obtained from Dojindo (Kumamoto, Japan). Sodium tetrasulfide (Na 2S4) was a generous gift from Dojindo. DAF-2/DA was purchased from Daiichikagaku (Tokyo, Japan). RPMI 1640, penicillin, streptomycin, and heat-inactivated fetal bovine serum (FBS) were obtained from Life Technologies Japan (Tokyo, Japan). Cell-Tak was obtained from BD Biosciences (San Jose, CA). Diethylamine NONOate (DEA NONOate) was sourced from Enzo Life Science, ruthenium red (RR) was purchased from Cayman Chemicals (Ann Arbor, MI), while sulforhodamine-B (SFRM-B) was from Tokyo Chemical Industry (Tokyo, Japan). Compound 48/80, cremophor EL, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). Abcam mouse monoclonal antibody against tryptase was a generous gift from the Laboratory of Anatomy of our Graduate School. Other chemicals were obtained from Wako Pure Chemicals (Osaka, Japan).
Isolation of rat peritoneal mast cells. Adult male SPF Wistar rats weighing 250 -300 g were purchased from Clea Japan (Tokyo, Japan), maintained in a controlled environment at an ambient temperature of 22°C and a 12:12-h light-dark cycle, and deprived of food but allowed free access to water overnight before the experiment. All rats were handled according to the guidelines for the ethical use of animals as set by the U.S. National Institutes of Health, and all experiments were approved by the institutional Animal Care and Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University. To isolate mast cells, rats were anesthetized by CO 2 inhalation and euthanized by exsanguination. Mast cells were obtained by peritoneal lavage after a 2-min massage of the abdomen with an intraperitoneal injection of 10 ml ice-cold phosphate-buffered saline (PBS) (15) . The abdominal cavity was opened, peritoneal exudates were harvested into 15-ml Falcon tubes, and they were centrifuged at 1,400 g for 5 min after which the cell pellets were resuspended in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. Mast cells were morphologically identified under a light microscope by their large size and dense content of granules, whereas others, including leucocytes, were significantly smaller, and erythrocytes did not emit fluo-4 fluorescence for lack of esterase.
Measurement of [Ca 2ϩ ]i. The isolated mast cells were loaded with fluo-4/AM at a final concentration of 10 M for 45 min at 37°C with constant mild shaking in the dark. After incubation, the cells were washed and resuspended in RPMI 1640 medium, transferred to a recording chamber, on the bottom of which a cover glass previously coated with Cell-Tak was attached, and left for at least 5 min. The chamber was placed on the stage of an inverted microscope (IX70; Olympus, Tokyo, Japan). Intracellular Ca 2ϩ imaging was performed using a confocal laser scanning microscope (Fluoview FV500; Olympus) as reported previously (36, 37, 38, 39) . The cells were illuminated at 488 nm with a krypton/argon laser, and the emission light (Ͼ505 nm) was guided through a ϫ40 water immersion objective to a pinhole diaphragm. Photodamage was minimized by attenuating the laser intensity by interposing a neutral density filter into the illumination path. Usually, 1% transmission was sufficient to obtain fluorescence. Confocal images of mast cells were taken at 10-s intervals. The time courses of changes in fluorescence intensity (FI) in the region of interest (ROI) were analyzed using bundled software, Fluoview 5.0 with Tiempo. The changes in FI were expressed as the percentage of basal FI by setting the fluorescence before the application of drugs at 100% (baseline) (F/F 0 ϫ100). For quantitative analyses, the changes in [Ca 2ϩ ]i were estimated by calculating the summed area of fluorescence changes (SFC) above the baseline during treatment or stimulation. Standard HEPES-buffered solution contained the following (mM): 138 NaCl, 4.7 KCl, 1.3 CaCl 2, 1.13 MgCl2, 1 Na2HPO4, 5.5 D-glucose, and 10 HEPES supplemented with 1 mg/ml BSA was used throughout imaging. Mast cells were continuously perfused at a flow rate of 1 ml/min before and during the experiments.
Determination of intracellular NO production. Real-time monitoring of the changes in intracellular NO levels was carried out using DAF-2/DA, a cell permeable, NO-sensitive fluorescent probe, as previously reported (36, 37, 38, 39) . The isolated mast cells were suspended in RPMI 1640 medium containing 1.149 mM L-arginine that is an intrinsic substrate of NO synthase (NOS) and loaded with DAF-2/DA at a final concentration of 10 M at 37°C for 45 min with mild shaking in the dark. The cells were then washed, resuspended in L-arginine-containing RPMI 1640 medium and transferred to the recording chamber, and the DAF-2T FI was detected by the same protocol as described above for [Ca 2ϩ ]i imaging. Subsequently, SFC was calculated. Standard HEPES-buffered solution was used throughout the experiments.
Measurement of intracellular levels of polysulfide. Intracellular production of polysulfide was monitored using a newly developed fluorescent probe, SSP4 (30) , with slight modifications. Briefly, isolated mast cells were loaded with 50 M SSP4 in a serum-free RPMI 1640 medium containing 0.003% Cremophor EL for 15 min at 37°C in the dark. After being washed, SSP4 FI was detected using the confocal laser scanning microscope (FluoView FV500; Olympus) with the same protocol and optical conditions as applied for the [Ca 2ϩ ]i analysis. Standard HEPES-buffered solution was used throughout the experiments.
Immunofluorescent staining of isolated mast cells. The isolated peritoneal mast cells that were attached to Cell-Tak-coated cover glasses were immunostained. The cells were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature, washed with cold PBS, preincubated with a blocking buffer for 45 min at 4°C, and incubated with a rabbit antibody against each of CSE (sc-135203), CBS (sc-6715), endothelial (e)NOS (sc-654), neuronal (n)NOS (sc-648), or inducible (i)NOS (sc-650) (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at 4°C. The mast cells were identified using Abcam mouse monoclonal antibody against tryptase (1:250, code ab2378). Following incubation with the primary antibodies, the cells were rinsed with PBS and incubated with the secondary antibodies, donkey anti-mouse IgG (1:500; AlexaFluor 488, green; code A21202; Life Technologies) and donkey anti-rabbit IgG (1:500; AlexaFluor 546, red; code A10040; Life Technologies) for 1 h at 4°C. The cells were washed, and the nuclei were counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI; 1:2,000; KPL). Negative controls were processed without primary antibodies. A fluorescent microscope with an imaging device (BIOREVO BZ-9000) was used to identify respective synthase expressions. The number of immunostained positive cells was counted, and the percentage was calculated against the total number of the cells used for analyses in the field.
Estimation of degranulation with SFRM-B. SFRM-B, a watersoluble red fluorescent probe, was used for detecting exocytosis (16) . Mast cells were continuously perfused with standard HEPES-buffered solution contained 20% (wt/vol) SFRM-B at a flow rate of 1 ml/min. The cells were illuminated at 543 nm with a He/Ne laser, and the emission (Ͼ560 nm) from the cell of interest was recorded every 10 s for 20 min. The changes in the magnitude of exocytosis were expressed as the FI change in the same way as described for fluo-4.
Statistical analysis. Our data are presented as means Ϯ SE, and n denotes the number of cells analyzed. Statistical significance was analyzed using the Student's t-test or ANOVA. Significance was recognized when P Ͻ 0.05.
RESULTS

Polysulfide induces [Ca 2ϩ
] i increases in mast cells. As shown in Fig. 1A , a polysulfide donor, Na 2 S 4 (50 M), gradually increased [Ca 2ϩ ] i . Na 2 S 4 appeared to have a concentration-dependent dual effect on [Ca 2ϩ ] i with a maximum increase at 50 M Na 2 S 4 ( Fig. 1B) followed by attenuation at 100 M (P Ͻ 0.001 by Student's t-test, 100 M vs. 10 or 50 M Na 2 S 4 ). In the absence of extracellular Ca 2ϩ , the 10 and 50 M Na 2 S 4 -induced [Ca 2ϩ ] i increase was largely inhibited (the increment from the unstimulated value was decreased by 72 and 73%, respectively; P Ͻ 0.001 by Student's t-test, Fig. 1B ] i increases in concentration-dependent manners (Fig. 2B , black bars, P Ͻ 0.001 by ANOVA). The increment induced by 100 M GYY4137 was ϳ35% of the unstimulated value, which seems to be equivalent to the extent found when 100 M Na 2 S 4 was administered. None of the GYY4137-induced [Ca 2ϩ ] i increases were affected by the removal of extracellular Ca 2ϩ (Fig. 2B , hatched bars, P Ͻ 0.001 by ANOVA), indicating that GYY4137 mainly induces [Ca 2ϩ ] i elevations via Ca 2ϩ release from intracellular stores. The potential involvement of RyRs in the H 2 S-induced intracellular Ca 2ϩ release was examined. As shown in Fig. 2 , A and C, 50 M GYY4137-induced intracellular Ca 2ϩ release were partially decreased in the presence of 30 M RR (Fig. 2C , the increment from the unstimulated value was decreased by 33%, P Ͻ 0.05 by Student's t-test) .
Synthase expression in mast cells. Based on findings that the polysulfide donor and H 2 S donor could increase [Ca 2ϩ ] i , the expression of H 2 S-producing synthases in addition to NOproducing synthases was examined because it has been reported that NO/H 2 S interaction leads to formation of polysulfide at a physiological pH (6) . Immunohistochemical detection revealed the expression of two major H 2 S-producing synthases, CBS and CSE, and all NO-producing synthases, nNOS, eNOS, and iNOS, in rat peritoneal mast cells (Fig. 3) . The percentage of CSE-positive cells tended to be higher than the CBS-positive cells (31 Ϯ 3.3 vs. 22 Ϯ 1.5%). The percentages of nNOS-and eNOS-immunoreactive cells were significantly higher than of iNOS-immunoreactive cells (41 Ϯ 9.7, 26 Ϯ 4.6, and 14 Ϯ 2.01%, respectively; P Ͻ 0.01 and P Ͻ 0.05, respectively, by Student's t-test). From these results, we presumed that nNOS is the major NOS expressed in rat peritoneal mast cells. Taken together, these results indicate that peritoneal mast cells can synthesize NO and H 2 S, from which polysulfide can be generated.
H 2 S and NO donors stimulate polysulfide production. As both H 2 S-and NO-producing synthases are found to be expressed in mast cells, whether H 2 S and NO can stimulate polysulfide production was examined using SSP4, a polysulfide sensitive fluorescent probe. As shown Fig. 4 , A-D, GYY4137 dose dependently increased the SSP4 FI, suggesting the stimulation of the polysulfide production (P Ͻ 0.001 by ANOVA), and DEA NONOate, an NO donor increased the SSP4 FI in a concentration-dependent manner (P Ͻ 0.001 by ANOVA).
Polysulfide donor and H 2 S donor stimulate NO production in mast cells. Whether NO is produced after application of a polysulfide or H 2 S donor was then assessed. When mast cells were treated with various concentrations of Na 2 S 4 or GYY4137 in standard HEPES-buffered solution, Na 2 S 4 (10 -100 M) induced a biphasic increase in the DAF-2T fluorescence, indicating that NO is produced in isolated mast cells, and the maximum response was at 10 M (Fig. 5A ). The Na 2 S 4 -induced elevation in NO levels was somewhat less at 50 and 100 M than at 10 M (Fig. 5A , P Ͻ 0.001 by Student's t-test). GYY4137 also induced NO production in a concentration-dependent manner (10 -100 M, Fig. 5B , P Ͻ 0.05 by ANOVA). To assess whether the increase in DAF-2T fluorescence is attributed to the increase in the intracellular NO levels, an NO scavenger, cPTIO (300 M), was utilized. As shown in Fig. 3 . Expression of NO-and H2S-producing synthases in mast cells. Expression of cystathionine ␤-synthase (CBS), cystathionine ␥-lyase (CSE) and neuronal nitric oxide synthase (nNOS), endothelial (e)NOS, and inducible (i)NOS in rat peritoneal mast cells was detected. Mast cells were identified by a specific tryptase antibody, and the nuclei were stained with DAPI. Scale bar ϭ 10 m. Fig. 5 , C and D, the GYY4137 (50 M)-or Na 2 S 4 (50 M)-induced NO production was largely inhibited in the presence of cPTIO (the increment from the unstimulated value was decreased by 83% and 75% respectively, P Ͻ 0.001 by Student's t-test). The finding indicates that DAF-2 can be utilized for quantitative measurement of endogenously produced NO and unexpected interference by other unknown substances would be minor even if it were the case.
Polysulfide ] i release induced by 50 M Na 2 S 4 (the increment from the unstimulated value was decreased by 34%, P Ͻ 0.001 by Student's t-test, Fig. 6B ). The [Ca 2ϩ ] i release induced by GYY4137 (50 M) was partially attenuated as well by pretreatment with L-NMMA (Fig. 6, C  and D ] i increase up to a maximum increment of ϳ110%, as shown in Fig. 7, A ] i increase induced by the donor (Fig. 7 , A and C, dotted line; the increment from the unstimulated value was decreased by 64%, P Ͻ 0.001 by Student's t-test). These findings suggest that NO causes intracellular Ca 2ϩ release via RyRs channels. Polysulfide, H 2 S, and NO donors have no effect on mast cell degranulation. As shown in Fig. 8A , compound 48/80 (1 g/ml) stimulated degranulation (Fig. 8Ai) . Stimulation of mast cells with Na 2 S 4 , GYY4137, or DEA NONOate (50 M each) showed no obvious effect on exocytosis induction up to 20 min after stimulation (Fig. 8, Aj-Al) . Figure 8B shows a time course of 1 g/ml compound 48/80-induced SFRM-B fluorescence change. Whereas compound 48/80 triggered exocytosis starting one min after application of the chemical (Fig. 8B) , Na 2 S 4 , GYY4137, and DEA NONOate could not elicit degranulation even after 20 min of application.
DISCUSSION
In general, it is well accepted that increases in [Ca 2ϩ ] i mediate stimulus-secretion coupling in various secretory cells. In mast cells, exocytosis is also closely associated with the increase in [Ca 2ϩ ] i (25) , the source of which is initially intracellular Ca 2ϩ release followed by extracellular Ca 2ϩ en- try, inducing massive exocytosis (15) . Inositol trisphosphate receptors (IP 3 Rs) have been proposed to play a role in inducing Ca 2ϩ release, resulting in the initiation of exocytosis in mast cells (12) . The involvement of RyRs was also demonstrated in mast cells (14, 23, 46) . A series of studies from our laboratory demonstrated that gaseous molecules such as H 2 S, NO, and CO could modulate [Ca 2ϩ ] i in exocrine and endocrine cells (36, 37, 38, 39, 40) , suggesting that IP 3 Rs mainly mediate Ca 2ϩ release in pancreatic acinar cells, but RyRs are involved in the release in parotid acinar cells when stimulated with sodium hydrosulfide, a fast-releasing H 2 S donor (37, 38) . Immunohistochemical detection of H 2 S synthases, CSE and CBS, implied that H 2 S is endogenously produced in mast cells (Fig. 3) . The present study additionally demonstrated that H 2 S increased [Ca 2ϩ ] i in a dose-dependent manner, in which Ca 2ϩ release from the ryanodine-sensitive store is mostly the entire source of [Ca 2ϩ ] i increases in mast cells (Fig. 2) . Thus, we presume that, as in other secretory cells, endogenously produced H 2 S is involved in the modulation of [Ca 2ϩ ] i homeostasis in mast cells.
It has been reported that exogenously applied H 2 S is absorbed and stored as bound sulfane sulfur (22) in tissues, which in turn releases H 2 S once the cell is activated in the presence of a reducing agent (28) . In addition to this reaction, polysulfides can be generated from H 2 S in the presence of oxidant (41) and from NO/H 2 S interaction (6) . In support of above reactions, the present study using SSP4 also suggested that polysulfide could be accumulated after H 2 S or NO application (Fig. 4) . In an attempt to explore the possible role of polysulfide in the regulation of [Ca 2ϩ ] i in isolated rat peritoneal mast cells, we found that, like the H 2 S donor, the polysulfide donor could also induce the [Ca 2ϩ ] i increase in mast cells, and the maximum effect was at 50 M. The polysulfide-induced [Ca 2ϩ ] i increase was dependent on both Ca 2ϩ influx and Ca 2ϩ release, especially at lower and moderate concentrations, but the increase was solely result from intracellular Ca 2ϩ release at the highest concentration, which was likely to be hampered by unknown mechanism(s) (Fig. 1B) . Like H 2 S, RR significantly inhibited the Ca 2ϩ release elicited by the polysulfide donor (Fig. 1B) . In astrocytes, it has been reported that the polysulfide-produced [Ca 2ϩ ] i increase was abolished in the absence of extracellular Ca 2ϩ or by the addition of RR, which was utilized as a nonspecific TRP channel blocker (29) . Our experiments were performed using RR in the absence of extracellular Ca 2ϩ to expect blocking the RyRs channels. Although RR may have dual effects on TRP channels and RyRs, the hypothesis that Ca 2ϩ release occurs through RyRs would not be excluded because, under our experimental condition with the nominally Ca 2ϩ -free solution, TRP channels, which can be inhibited by RR, are no longer functionally involved in the [Ca 2ϩ ] i increase, even if it is activated. Taken together, these findings indicate that polysulfide can modulate Ca 2ϩ homeostasis in mast cells by inducing both Ca 2ϩ release and Ca 2ϩ influx and the latter to be considered the main source of Ca 2ϩ elevations. In mouse sensory neurons, rat astrocytes, and neuroblastoma cells, TRPA1 channels have been shown to be involved in the polysulfide-elicited [Ca 2ϩ ] i increase by accelerating Ca 2ϩ influx (17, 29, 32) . A functional role for TRP channel family was suggested in mast cell-derived cell lines or primary mast cells (8) . A major portion of the [Ca 2ϩ ] i increase found in the present experiment is most likely to be due to polysulfideinduced Ca 2ϩ influx via TRP channels except for the highest concentration of polysulfide, while Ca 2ϩ influx was likely to be hampered by unknown mechanism(s) at higher concentrations. What is suggested here is that polysulfide can be an additional signaling molecule in mast cell.
Reportedly, NO is produced by its synthases in mast cells that can be a source and target cells of NO (4) . Ubiquitous expression of eNOS and variable expressions of nNOS were demonstrated in a RT-PCR study, but iNOS expression was not detected in human mast cell lines (10) . Another study showed eNOS and nNOS but not iNOS mRNA was present (45) . In rat peritoneal mast cells, a limited amount of eNOS mRNA was detected in unstimulated cells, but neither nNOS nor iNOS mRNA was identified (11) . In the present study, nNOS was found to be predominant and eNOS was less, while iNOS was least predominant (Fig. 3) . This result would be supportive of endogenous production of NO. In mast cells, NO is presumed to be a modulatory molecule that inhibits multitudinous allergy-associated activities but enhances other non-allergy-associated responses (35) . It has also been reported that NO suppresses mast cell activation and antigen-induced degranulation (7) . NO produced via the phosphatidylinositol 3-kinase-AkteNOS pathway is assumed to be involved in protecting mast cells from cell death (20) . Together, it seems highly possible that not only H 2 S, but also NO, can be endogenously produced, which modulates mast cell functions.
In our recent studies, functional synergism between H 2 S and NO was proposed (37, 38, 39) . The present finding that both polysulfide and H 2 S could induce NO production (Fig. 5) and that the polysulfide-or H 2 S-induced [Ca 2ϩ ] i increase was attenuated by the NOS inhibitor (Fig. 6) (Figs. 1, 2, and 7) , which was also equal to the response observed in other secretory cells (37, 38, 39) . Given that NO plays a central role in Ca 2ϩ release induced by polysulfide and H 2 S, a question one may have would be why the extracellular Ca 2ϩ dependency is unequal between the polysulfide donor (Fig. 1B) and the H 2 S donor (Fig. 2B ) even though both produce the same amount of NO (Fig. 5, A and B) . Although we do not have a clear answer at present, the notion that polysulfide induces Ca 2ϩ influx ϳ300 times as efficiently as H 2 S (28) may hint an explanation as to why, in this study, polysulfide could induce both Ca 2ϩ influx and Ca 2ϩ release but H 2 S could evoke only Ca 2ϩ release. The indication that H 2 S generation from GYY4137 occurs in a slow manner and only 4 -5% H 2 S will be generated from a starting concentration of 1 mM within 25 min (34), in addition the exposure time in our experiments was only for 20 min, makes us presume that the final concentration of H 2 S after application of GYY4137 was not enough to induce Ca 2ϩ influx. We recently reported a curious phenomenon exerted by an NO donor and an H 2 S donor in such a way that the former increased, but the latter hardly increased basal insulin release, yet both donors can clearly increase [Ca 2ϩ ] i in single pancreatic ␤-cells (39) . Similarly, we found that a CO donor could increase [Ca 2ϩ ] i in pancreatic endocrine and exocrine cells, but the donor dose dependently inhibited basal insulin release and secretagogues-induced amylase release (39, 36) . Moreover in this study, all polysulfide, H 2 S, and NO donors were found to induce [Ca 2ϩ ] i increase (Figs. 1, 2 , and 7) but had no obvious effect on mast cell degranulation, while the G-protein stimulant compound 48/80 could trigger exocytosis (Fig. 8) ] i increase with exocytosis. In this context, it should be note that, although paradoxical, NO somewhat suppresses antigen-induced mast cell degranulation and H 2 S abrogates in vitro degranulation in mast cell lines (5, 43) . The gaseous molecules aside, it was reported that intracellular alkalinization is associated with compound 48/80-induced histamine release without the [Ca 2ϩ ] i increase (24, 9) and that cytosolic alkalinization, but not intracellular calcium release, is a sufficient signal for degranulation in mast cells (1, 2) . Furthermore, it is claimed that the increase in [Ca 2ϩ ] i is neither necessary nor sufficient for secretion from mast cells but acts synergistically with other stimuli to promote secretion (42) . Although our results showed that the increase in [Ca 2ϩ ] i by polysulfide, NO, and H 2 S did not induce exocytosis, we speculate that these substances may have a permissive effect on other secretagogue-induced exocytosis by enhancing the intracellular [Ca 2ϩ ] i levels, and the interaction among biogases would regulate various cellular functions that are related with intracellular Ca 2ϩ homeostasis. Further studies are required to explore such possibility.
In summary, it is conceivable that NO, H 2 S, and polysulfide are endogenously produced gases, functioning as signaling molecules that regulate [Ca 2ϩ ] i homeostasis in rat peritoneal mast cells. However, for unknown reasons, such [Ca 2ϩ ] i changes are not simply associated with the degranulation process under the present experimental conditions. In the regulation of [Ca 2ϩ ] i homeostasis, polysulfide and H 2 S most likely act via a cross talk among them and NO may play a central role in the effects exerted by sulfur compounds in rat peritoneal mast cells.
